Fibroblast cultures derived from human basal cell carcino mas demonstrated an increased capacity to synthesize and secrete collagenase. Although the levels of collagenase were up to 8-fold greater than those of normal control cell lines, this phenotypic trait was not permanent and was expressed only for a few passages following primary explantation. The basal cell carcinoma fibroblast collagenase was secreted as a proenzyme. The kinetics of activation and the catalytic efficiency of the basal cell carcinoma fibroblast enzyme were equal to control collagenase, indicating that increased activity was due to increased synthesis of enzyme protein. Increased synthesis of collagenase was not due either to altered cell growth or to an overall increase in protein synthesis. Furthermore, synthesis of another major protein, collagen, was not enhanced. The data suggest that the tumors may have stimulated adjacent fibroblasts to produce more collagenase which is of importance in tumor invasion.
INTRODUCTION
BCC's4 typically produce locally destructive, ulcerated le sions of the skin and deeper tissues. Since the mechanisms by which neoplasms destroy tissue locally are of pathogenetic importance in tumor invasion, these tumors should be an ideal prototype for examining this process.
Previous studies (5, 14, 36) have shown an increase in collagenase in tissue extracts and organ cultures of BCC, suggesting that the elevated levels of this enzyme might be important in the rÃ©sorption of connective tissue near the tu mors. Of further interest was the immunocytochemical obser vation that HSC was localized in vivo to the connective tissue stroma adjacent to tumor islands (5) . These findings raised the question of whether the HSC protein might have been synthe sized by fibroblasts in the area of the tumor rather than by the BCC itself.
In a broader sense, these and other studies done both with human (10, 11, 20, 34) and animal (7, 15, 23, 27, 30, 35) cells and tissues suggest that epithelial-stromal interactions may be of fundamental importance in tumor invasion. The present investigation was designed to assess (a) whether fibroblasts derived from BCC display altered in vitro properties, either in the expression of major gene products or in growth patterns, (b) whether any such phenotypic aberration is stable in culture and persists through many cell passages, and (c) the specificity of any altered characteristics observed in BCC-derived fibro blasts.
MATERIALS AND METHODS
Cell Cultures. Control and BCC-derived fibroblasts were processed in the same manner. Briefly, a portion of tissue measuring approximately 3 cu mm was removed from each of 9 BCC which had been therapeutically removed. In each case, the sampled tissue was taken from a nodular, nonulcerated area of the tumor. This tissue was minced finely and explanted in a 25-sq cm culture flask (Falcon Plastics, Cockeysville, Md.) in Dulbecco's modified Eagle's medium:high glucose plus glutamine (Microbiological Associates, Walkersville, Md.) with 0.03 M r)-2-hydroxyethylpiperazine-W-2-ethanesulfonic acid buffer (pH 7.6), 20% fetal calf serum, 200 units of penicillin, and 200 ng of streptomycin per ml at 37Â°to allow outgrowth of the fibroblasts. Histological examination of the explanted tissue specimens from different patients revealed no overall differ ence in the quantity of tumor or stromal tissue in each primary culture. However, variable amounts of tumor tissue and con nective tissue elements were present within each individual expiant. When the primary fibroblast cultures were confluent, they were sequentially passed in a 1:3 to 1:4 ratio for growth area. At the third or fourth passage, one-half of the cells from each line were frozen for later use. The remainder of the cultures was utilized directly.
Quantitation of Collagenase. In experiments to determine the concentration of IHSC in the culture medium, fibroblasts were grown to early confluence, a density at which collagenase accumulation has been shown to be greatest in normal cell lines (1) . Serum-containing medium was then removed, the cells were washed 4 times with Hanks' balanced salt solution, and the cultures were maintained for 24 hr in the same pHadjusted (9) medium used for cell growth except that the fetal calf serum was omitted. This serum-free medium was then dialyzed against 4000 volumes of distilled water, lyophilized, and stored at -80Â°until assayed.
In studies to quantitate collagenase activity, fibroblasts were grown in 75-sq cm culture flasks (Falcon Plastics). At conflu ence, the cells were maintained for 24 hr in serum-free medium, after which the medium was made 10 rnw with respect to CaCk (25) and assayed for collagenase activity and immunoreactive enzyme protein.
Human skin procollagenase was activated proteolytically with trypsin as described previously (6) . For each enzyme preparation, a range of trypsin concentrations (0.1 to 2.0 Â¿ig trypsin per 50^l enzyme sample) was used to ensure that maximal collagenase activity was measured. After preincubation with trypsin for 10 min at 25Â°, at least a 5-fold molar excess of soybean trypsin inhibitor was added to inhibit further trypsin activity. Each mixture was then assayed for collagenase activity at 37Â°in 0.05 M Tris-HCI (pH 7.5) in the presence of 10 mM CaCI2 using native reconstituted [14C]glycine-labeled collagen fibrils containing approximately 3000 cpm per sub strate gel (19) .
Immunoreactive HSC was measured by a slight modification of the double antibody radioimmunoassay previously reported (4) . The procollagenase used as the unlabeled standard and for iodination in the radioimmunoassay was purified to homo geneity from cell culture medium as described by Stricklin et al. (28) . This same enzyme preparation was used to produce specific antiserum to the enzyme (29) . Standard radioimmu noassay curves were performed in duplicate in disposable plastic microfuge tubes (Beckman Instruments, Inc., Fullerton, Calif.) that contained a 1:2500 dilution of the y globulin fraction of antiserum to HSC, I25l-labeled HSC (approximately 20,000 cpm/tube), and 0 to 100 ng of electrophoretically homogene ous HSC in a total volume of 250 jul. After incubation for 24 hr at 4Â°, goat anti-rabbit IgG was added in excess, and the resulting precipitates were isolated, washed, and counted in a single-channel y scintillation spectrometer. Unknowns, con sisting of the various collagenase preparations, were reconsti tuted in a small volume of 0.05 M Tris:0.15 M NaCI buffer and assayed for enzyme protein in an identical fashion using 100-H\ portions of serial doubling dilutions of the enzyme prepara tions. Controls in which nonimmune rabbit y globulin was substituted for specific antiserum were routinely included.
Protein Synthesis Studies. General protein synthesis was measured in control and BCC-derived cells. For these experi ments, the cells were grown to confluence, washed, and incu bated with medium containing [14C]proline (5 juCi/ml). After 24 hr at 37Â°, the cultures were harvested, and total protein syn thesis was determined as the amount of [I4C]proline incorpo rated into 10% trichloroacetic acid-insoluble material in the medium and cells.
Collagen Biosynthesis. For studies on collagen biosyn thesis, the cells were incubated with [14C]proline under condi tions which we have previously shown to be optimal for collagen biosynthesis (32) . The cells were labeled on Day 1 or 2 after the cultures had reached visual confluence since the rate of collagen biosynthesis, measured as hydroxyproline formation, is maximal at this stage of growth. Ascorbic acid (50 /Â¿g/ml) was added to the culture medium 4 hr prior to labeling. The labeling was initiated by placing the cultures in 7 ml of culture medium containing 20% dialyzed fetal calf serum, ascorbic acid (50 /ng/ml), and /?-aminopropionitrile fumarate (20 Â¿ig/ml). The radioactive proline (3 fiCi/ml) was added, and the cultures were incubated for 20 hr by slow shaking in humidified tissue culture incubators at 37Â°.At the end of the labeling period, the medium was removed, and the cell layer was rinsed with 3 ml of medium and combined with the incubation medium. Protease inhibitors were added to given final concentrations of 20 mw disodium EDTA, 10 IHM W-ethylmaleimide, and 1 /Ã•Mphenylmethylsulfonyl fluoride. Aliquots of the media were dialyzed against running tap water for assay of [14C]hydroxyproline (see below). Part of the medium was precipitated with ammonium sulfate (114 mg/ml) (20% of saturation) for DEAE-cellulose chromatography.
The cell layer was rinsed 3 times with 10 ml of Hanks' balanced salt solution, and the cells were scraped using a rubber policeman into 5 ml of 0.4 M NaCI:0. . Fractions of 1.0 ml were collected, and 0.4-ml aliquots were counted using a liquid scintillation spectrometer. Alternatively, in some experiments, the [14C]hydroxyproline was assayed by a specific radiochemical method (16) . For DEAE-cellulose chromatography, the 14C proteins re covered from the medium by ammonium sulfate precipitation were dissolved in starting buffer consisting of 2 M urea and 1 mw disodium EDTA in 0.025 M Tris-HCI (pH 7.5) and dialyzed against the same buffer. The samples were then chromatographed on DEAE-cellulose using a linear gradient from 0 to 0.22 M NaCI in 0.025 M Tris-HCI buffer (pH 7.5) as described elsewhere (26, 31) . Other Assays. The growth kinetics of control and BCCderived cells were determined by seeding cultures from a single large pool at low density. Replicate cultures were fed serumcontaining medium every 2 days for the length of the experi ment. Duplicate cultures were harvested daily for cell counts. Protein (18) and DNA (8) were determined using established methods.
RESULTS
A total of 9 different histologically proven BCC specimens, each from a different patient, were used. The clinical charac teristics of the tumors from the individual patients are detailed in Table 1 . Ten separate experiments were performed to de termine IHSC levels in the fibroblast culture medium of these lines. As shown in Table 2 , taken as a group irrespective of the passage level, the IHSC content of the 9 BCC-derived fibroblast lines was increased about 1.6-fold when based on the DNA content of the cultures (p < 0.05) and increased about 1.5-fold when based on medium protein (p < 0.025).
Although the BCC-derived cultures as a group had signifi cantly elevated levels of IHSC, the range of values was indic ative of a substantial degree of heterogeneity within each cell line. The one factor which appeared to have a clear effect on the capacity of these cells to produce collagenase was the In contrast, no differences were observed between BCC-derived fibroblasts and controls after the sixth passage (p, not significant). Fur thermore, there were no differences within the control lines themselves between early and late passage (Chart 1). These findings are more clearly illustrated by examining representative individual lines. As depicted in Chart 2A, in the fourth passage, the BCC-derived line WUT 7537 had greater than a 2-fold increase in IHSC based on medium protein and an approximate 3-fold increase based on DMA. This level persisted through the sixth passage but showed consistent reversion to control levels of IHSC thereafter. A similar trend was observed in WUT 76121 (Chart 2B) where at passage 5, there was a 3-to 4-fold increase in IHSC which decreased significantly with each serial passage. It is important to empha size that not every BCC-derived cell line displayed the capacity to synthesize and secrete elevated amounts of IHSC through the sixth passage. As shown in the 2 cell lines depicted in Chart 2, C and D, increased IHSC was only observed in the fourth passage, the earliest level examined. These data indicate that the absolute numerical level of passage is not relevant but rather that the phenotypic characteristic could be observed only for a few passages after explantation and then was lost.
In separate experiments, we sought to define whether stor age of the cells had any effect on the expression of this trait. In these studies, cells which had been stored frozen in the fourth or fifth serial passage were compared with one series of cells subcultured directly from the primary. As illustrated by the 2 lines in Table 3 , BCC-derived fibroblasts stored frozen re tained the capacity to synthesize and secrete increased amounts of IHSC but, like the cells subcultivated directly from the primary, reverted to control levels of enzyme within 2 to 3 additional serial passages.
In addition to determining immunoreactive enzyme protein, collagenase activity was quantitated in the BCC-derived cell lines. As shown in Chart 3, the low-passage BCC-derived fibroblast cultures displayed increased enzyme activity. In the absence of trypsin activation, all of the collagenase was found in latent form. Both the control and BCC-derived collagenases showed similar activation by trypsin and were maximally acti vated with 0.5 to 2.0 Â¡j.gof trypsin per 50 /il of medium, depending upon the quantity of enzyme in the sample. and immunoreactive protein in 4 representative BCC-derived cell lines. In each of 3 different experiments, collagenase activity in the BCC-derived cultures was increased over that in control lines in direct proportion to the increase in immuno reactive material. This finding was further emphasized by ex amining the catalytic efficiency (activity per unit immunoreac tive protein) of the BCC-derived collagenases (Table 4) . In each case, the catalytic efficiency ranged from 76 to 117% of the control enzyme preparations in the same experiment, indicating In each cell line, the IHSC content of the frozen cells was compared to the IHSC content at low passage (ssixth passage) of one set of cultures subcultivated directly from the primary. The IHSC content of these cultures was determined as ng/mg protein and expressed as the percentage of control. Chart 3. Trypsin-dependent activation of normal and BCC-derived fibroblast procollagenase. Crude medium (50 /Â¿I) was preincubated with varying amounts of trypsin for 10 min at 25Â°after which an excess of soybean trypsin inhibitor was added, and the entire mixture was assayed with native, reconstituted '"C-labeled collagen fibrils at 37Â°for 5 hr. â€¢. control culture medium; O, BCC-derived culture medium.
UOO-
that the increased activity of the BCC-derived enzymes was not likely to be due to a structurally and/or functionally altered molecule.
The specificity of the increase in collagenase expression was examined in several ways. As a measure of the relative capacity of the BCC-derived cells to synthesize collagenase, total pro tein synthesis was quantitated. Although there was an approx imate 2-fold increase in IHSC in early passage cultures (Chart 1), at the same level of passage, total protein synthesis was 96,058 Â±22,085 (S.E.) dpm/mg cell protein (99.6% of con trol; p, not significant) and 3,044 Â±445 dpm/>g DNA (1 21.7% of control; p, not significant). Thus, the enhanced synthesis of collagenase was not reflective only of a general increase, in protein synthesis.
In addition, since several studies with fibroblasts derived from other types of epithelial tumors have implied the existence of altered growth properties (10, 11, 20, 34) , the growth kinetics of the BCC-derived fibroblasts were determined. As shown in Table 5 , the 6 BCC fibroblast lines examined showed no alteration in mean population doubling times. The cells for all of these studies were used in the third through sixth serial passages, although no significant differences in the growth rates were observed within any given line through the tenth passage. Thus, the increased concentration of IHSC in the BCC fibroblast cultures could not be attributed to altered growth kinetics.
To characterize further the properties of the BCC-derived cells, their capacity to synthesize and secrete procollagen, another major gene product, was examined. Under the incu bation conditions used, the synthesis of radioactive hydroxyproline in relation to DNA or total cell protein, was taken as an index of collagen formation. Incubation of low-passage (<sixth Table 4 Specific activity of collagenase from normal and BCC fibroblast cultures passage) fibroblast cultures demonstrated that the rate of collagen synthesis in the BCC cell lines was equal to that of the control cell lines (Table 6 ). Examination of the secreted [14C]-hydroxyproline in the cell fraction demonstrated that after a 20-hr labeling period more than 80% of the newly synthesized collagen was found in the extracellular space in both cell types.
The capacity of these cells to synthesize genetically distinct types of procollagens, types I and III, was also assessed. To estimate the relative synthesis of the 2 procollagens, [14C]-procollagen in the medium was partially purified by ammonium sulfate precipitation and types I and III procollagen molecules were then isolated by DEAE-cellulose chromatography. The elution patterns of 14C-labeled protein were qualitatively similar in samples obtained both from BCC and control fibroblasts (Chart 4). In all chromatograms, 2 major peaks of radioactivity, Peaks A and B, were observed. 
DISCUSSION
The present study indicates that fibroblasts derived from expiants of human BCC express, as a phenotypic trait in culture, an enhanced capacity to synthesize and secrete col lagenase. The increased production of collagenase appears to be a temporary rather than a permanent characteristic, since each cell line reverted to control enzyme levels within a few passages.
Like the enzyme produced by normal human skin fibroblasts (28, 29) , the BCC-derived collagenase was synthesized as a proenzyme. Furthermore, its catalytic efficiency was unaltered when compared to control preparations. Thus, the collagenase obtained from these cells appears to be identical to that made by control cells. These findings stand in contrast to those in fibroblast cultures of patients with the hereditary disorder, recessive dystrophic epidermolysis bullosa, in which enhanced in vitro synthesis of a collagenase of diminished catalytic efficiency has been shown to be a stable and, therefore, presumably genetically determined trait (2, 3) . Also, since the capacity for enhanced production of the enzyme was lost in the BCC-derived cells with passage, the trait is not analogous to the increased levels of plasminogen activator which have been observed in association with cellular transformation (21, 33) and represent a stable trait in transformed cells. Although the mean increase in collagenase synthesis by the tumor-associated fibroblasts is relatively small when compared to the several hundredfold stimulation induced by activators in other non-tumor-derived systems (13) , the increase in the BCCderived fibroblast cultures appears to be a selective trait at least as shown by the failure to find any overall increase in protein synthesis. In addition, despite the approximate 2-fold overall increase in enzyme production, there was no alteration in the synthesis of collagen, a protein which constitutes the major extracellular gene product of skin fibroblasts.
The present studies do not establish the precise source of the fibroblasts which synthesize collagenase, although our previous immunohistological examinations of similar tumors suggest that the stromal elements adjacent to the tumor islands are the most likely source (5). Initially using immunological quantitation of in vivo enzyme protein, we observed an approx imate 2-fold increase in IHSC in crude tumor extracts (5 (5) . These findings, in addition to the immunofluorescent studies in which IHSC was localized to the stroma surrounding the BCC (5), suggested that connective tissue cells might be the source of the enzyme rather than the tumor itself. The present cell culture studies thus appear to extend and support the concept that fibroblasts represent the major in vivo source of the enzyme in BCC.
Evidence obtained from a variety of investigations in humans (10, 11, 20, 34) and animals (30) suggests that epithelialstromal interactions may be quite important in tumor pathogenesis. Although our in vitro system imposes certain limitations which prohibit a direct correlation with in vivo tissue destruc tion, it seems possible that the BCC may have elicited enhanced collagenase synthesis by the surrounding fibroblasts. Any mechanism whereby in vivo modulation of collagenase synthe sis might occur is as yet undefined, but can be postulated to occur (a) through elaboration of a factor acting directly to increase collagenase synthesis, (b) through gene amplification (24) , or (c) through a decrease in some normal suppressor mechanism for collagenase synthesis. However, factors such as proenzyme activation, substrate binding, and inhibition by specific tissue inhibitors all interact in vivo and cannot be adequately evaluated in cell culture. Indeed, it is possible that other enzymes produced by the tumor, such as plasminogen activators (12, 22) , may be important in a sequence leading to activation of the latent collagenase synthesized by the fibro blasts. This biological amplification system would then result in enhanced tissue destruction and facilitate local tumor invasion.
